Background/Aims: Mechanical load can regulate disc nucleus pulposus (NP) biology in terms of cell viability, matrix homeostasis and cell phenotype. N-cadherin (N-CDH) is a molecular marker of NP cells. This study investigated the role of N-CDH in maintaining NP cell phenotype, NP matrix synthesis and NP cell viability under high-magnitude compression. Methods: Rat NP cells seeded on scaffolds were perfusion-cultured using a self-developed perfusion bioreactor for 5 days. NP cell biology in terms of cell apoptosis, matrix biosynthesis and cell phenotype was studied after the cells were subjected to different compressive magnitudes (low-and high-magnitudes: 2% and 20% compressive deformation, respectively). Non-loaded NP cells were used as controls. Lentivirus-mediated N-CDH overexpression was used to further investigate the role of N-CDH under high-magnitude compression. Results: The 20% deformation compression condition significantly decreased N-CDH expression compared with the 2% deformation compression and control conditions. Meanwhile, 20% deformation compression increased the number of apoptotic NP cells, up-regulated the expression of Bax and cleaved-caspase-3 and down-regulated the expression of Bcl-2, matrix macromolecules (aggrecan and collagen II) and NP cell markers (glypican-3, CAXII and keratin-19) compared with 2% deformation compression. Additionally, N-CDH overexpression attenuated the effects of 20% deformation compression on NP cell biology in relation to the designated parameters. Conclusion: N-CDH helps to restore the cell viability, matrix biosynthesis and cellular phenotype of NP cells under high-magnitude compression.
Introduction
Due to the serious impacts of intervertebral disc degeneration (IDD) on the health care system and patients' life quality, an increasing number of researchers is exploring its underlying mechanisms and seeking to develop effective treatments (IDD) [1, 2] . Despite numerous breakthroughs in this field in the past decades [3, 4] , the many unknowns about disc degeneration require further investigation.
Disc degeneration first occurs in the disc nucleus pulposus (NP) region and is characterized by a decrease in cell viability, attenuation of NP matrix anabolism and alteration of the normal NP cell phenotype [5, 6] . As a load-absorbing element of the spine motion unit, the intervertebral disc (IVD) is subjected to various types and magnitudes of mechanical stress in vivo [7, 8] . Previous studies found an increase in NP cell apoptosis and a decrease in NP matrix production as a result of overloaded mechanical compression [9, 10] . Similarly, several studies have demonstrated that mechanical stimulation plays an important role in regulating disc biology and have indicated that mechanical overloading is a risk factor for disc degeneration [11, 12] . Therefore, additional studies of the highmagnitude compression-induced pathological alterations of NP cells will contribute to a better understanding of mechanical load-related disc degeneration.
N-cadherin (N-CDH) is an important molecule in the development of the neural crest and the formation of neuronal connections [13, 14] . Recently, several studies have demonstrated that N-CDH is a specific molecule that is highly expressed in normal disc NP cells compared with degenerative NP cells, adjacent disc annulus fibrosus cells and cartilage endplate cells [15, 16] . In addition, N-CDH-mediated signaling helps to maintain the normal juvenile NP phenotype and NP matrix synthesis in vitro [17, 18] . Finally, N-CDH can regulate cell behaviors, cell phenotypes and other pathological phenomena in other tissues [13, 14] . In light of the loss of the normal NP cell phenotype, the decrease in NP matrix production and the attenuation of NP cell viability under conditions of mechanical compression overload [5, 9, 11] , we hypothesize that N-CDH may play a positive role in maintaining normal NP cell biology under high-magnitude compression.
The main objective of this study was to investigate the role of N-CDH in maintaining the healthy biology of NP cells in terms of cellular phenotype, matrix biosynthesis and cell viability under high-magnitude compression. To achieve this, a self-developed perfusion bioreactor was used to apply different compressive magnitudes to the three-dimensional (3D) cultured NP cells. The main parameters evaluated were NP cell apoptosis, NP cell phenotype and NP matrix biosynthesis.
Materials and Methods

Ethical statement
All animal experiments performed in this study were in accordance with the relevant guidelines [SYXK (YU) 2012-0012] of the Ethics Committee at the First Hospital affiliated with Jilin University.
NP cell isolation and culture
Briefly, after the rats (male, 250 g and 6-8 weeks old) were sacrificed with carbon dioxide, the thoracic and lumbar discs were harvested according to previously described method [19, 20] . After the innermost NP tissue was isolated under a dissecting microscope, NP cell pellets were harvested using sequential digestion with 0.25% trypsin (Gibco, USA) for 5-10 minutes and 0.25% Type I collagenase (Sigma, USA) for 10-15 minutes. Then, the NP cell pellets were re-suspended in DMEM/F12 medium (HyClone, USA) containing 10% (v/v) fetal bovine serum (FBS, Gibco, USA) and 1% (v/v) penicillin-streptomycin (Gibco, USA) under standard conditions (37°C, 20% O 2 and 5% CO 2 ). To alleviate cell passage-induced effects on NP cell degeneration, passage 2 (P2) NP cells were used in the present study.
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NP cell transfection
The recombinant lentiviral vector LV5-N-CDH (GenePharma, Shanghai, China) was used to enhance N-CDH expression in NP cells (NP-N-CDH). NP cells transfected with negative vectors (LV5-N-CDH-NC) were used as controls (NP-N-CDH-NC). According to the manufacturer's instructions, the transfected cells were further selected using puromycin. Transfection efficacy was verified by using real-time PCR and Western blotting assays.
Dynamic compression on NP cells
A previous study demonstrated that NP cells cultured on decalcified bone matrix (DBM) are metabolically active and express types I and II collagen and aggrecan [21] . Therefore, NP cells suspended in collagen solution (1 mg/mL, Shengyou, China) were seeded in prepared DBM (10 mm×10 mm×5 mm, 1×10 7 cells per DBM) scaffolds as previously described [22] . The DBM scaffolds were provided free of charge by the Tissue Engineering Center of Jilin University. After 2 days of static preculture, the NP cell-seeded scaffolds were placed in the culture chambers of a substance exchanger-based perfusion bioreactor [22] and subjected to mechanical compression for 5 days. The DMEM/F12 medium was circulated at a rate of 5 mL/min. During this phase, unconfined axial compression was applied to NP cells in a distance-controlled manner. The designed groups were the control group (non-compression) and compression group (2% and 20% compressive deformation at a frequency of 1.0 Hz for 4 hours per day). The compression magnitudes were defined according to the disc height alteration in one day (20%-25%) and previous studies [23, 24] .
Detection of cell apoptosis using flow cytometry
After compression, the NP cells seeded in the scaffold were harvested using sequential digestion with 0.05% trypsin and 0.1% collagenase I and washed with phosphate buffer solution (PBS). Then, NP cell apoptosis was evaluated using flow cytometry with Annexin V/PI staining according to the manufacturer's instructions (Beyotime, China). These Annexin V positive-stained and PI-negative-stained cells and double positive-stained cells were regarded as apoptotic cells.
Real-time PCR analysis
After compression, the DBM scaffolds containing NP cells were homogenized on ice. Then, the RNA was extracted using Trizol reagent (Invitrogen, USA) and synthesized into cDNA with a reverse transcription kit (Roche, Switzerland). The real-time PCR assay was then performed on the reaction system containing cDNA, primers (Table 1) and SYBR Green mix (Dongsheng Biotech, China). β-actin was used as the reference gene, and the relative expression of target genes was expressed as 2 -DDCt .
Western blotting assay
After compression, total protein was extracted from the DBM scaffolds with RIPA reagent (Beyotime, China), and protein concentration was measured using a protein BCA detection kit (Beyotime, China). The protein samples from each group were subjected to SDS-PAGE and transferred to the PVDF membrane as previously described [25] . After incubation with primary antibodies (β-actin: Proteintech, 60008-1-Ig; N-CDH, Abcam, ab18203; aggrecan: Santa Cruz, sc-16492; collagen II: Abcam, ab34712. Cleavedcaspase 3, Cell Signaling Technology, #9661; Bcl-2: Proteintech, 12789-1-AP; Bax: Proteintech, 50599-2-Ig; Glypican-3: Proteintech, 11145-1-AP; PTN: Proteintech, 10821-1-AP; CA XII: Proteintech, 15180-1-AP; Keratin-19: Proteintech, 10712-1-AP. All diluted 1:1000) and the corresponding HRP-conjugated secondary antibodies, the protein bands on the PVDF membrane were visualized using the SuperSignal West Pico Trial Kit (Thermo). Protein expression normalized to β-actin was analyzed using ImageJ software (National Institutes of Health, USA). 
Statistical analysis
All the numerical data in this study are expressed as the means±SD, and each experiment was performed in triplicate. After the homogeneity test for variance, comparisons between groups were performed with one-way analysis of variance (ANOVA) using SPSS 13.0 software, and the post hoc test was determined by the LSD test. A significant difference was indicated when the p-value was <0.05.
Results
High-magnitude compression significantly decreased N-CDH expression in NP cells
To investigate the role of N-CDH in the effects of mechanical compression on NP cells, we first analyzed N-CDH expression under different compressive magnitudes. As shown in Fig.  1 , N-CDH expression in the 20% deformation compression group was significantly lower than in the 2% deformation compression group and the control group at both the gene and protein levels. However, N-CDH expression in the 2% deformation compression group was higher than in the control group. 
N-CDH overexpression increased N-CDH expression in NP cells under high-magnitude compression
To investigate the role of N-CDH in maintaining the healthy biology of NP cells under high-magnitude compression, we enhanced the N-CDH expression in NP cells ( Fig. 2A-B) . Subsequently, we found that N-CDH overexpression significantly increased N-CDH expression in NP cells under 20% deformation compression (Fig. 2C) .
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N-CDH overexpression abolished the effects of high-magnitude compression on NP cell apoptosis
Compared with 2% deformation compression group and the control condition, 20% deformation compression significantly increased the number of apoptotic NP cells, upregulated the expression of pro-apoptotic molecules (Bax and Cleaved-caspase 3) and down-regulated the expression of anti-apoptotic molecules (Bcl-2). Although no significant differences were found in the number of apoptotic NP cells and the expression of Bax, the 2% deformation compression group showed significantly increased Bcl-2 expression and decreased cleaved-caspase-3 expression compared with the control group. However, when N-CDH expression was enhanced in the NP cells, the effects of 20% deformation compression on the NP cell apoptosis rate and the expression of pro-/anti-apoptotic molecules were attenuated (Fig. 3) . Together, these results indicate that N-CDH can inhibit NP cell apoptosis under high-magnitude compression.
N-CDH overexpression attenuated the inhibitory effects of high-magnitude compression on matrix biosynthesis in NP cells
The expression of matrix macromolecules (aggrecan and collagen II) was investigated as a reflection of the biosynthesis of NP cells. The results showed that 20% deformation compression significantly down-regulated the expression of aggrecan and collagen compared with 2% deformation compression and the control condition at both the gene and protein levels. Conversely, N-CDH overexpression in NP cells significantly increased the expression of aggrecan and collagen II under 20% deformation compression (Fig. 4) , suggesting that N-CDH can promote matrix biosynthesis in NP cells under high-magnitude compression. 
N-CDH overexpression helped to maintain the NP cell phenotype under high-magnitude compression
Loss of the normal NP cell phenotype is usually reported during disc degeneration. Previous studies demonstrated that keratin 19, PTN, glypican-3 and CAXII are typical markers of NP cells [26, 27] . Here, the effects of compression on the expression of NP-specific markers (keratin 19, PTN, glypican-3 and CAXII) were evaluated. The results showed that expression of keratin 19, glypican and CAXII in the 20% deformation compression group was higher than that in the 2% deformation compression group and the control group. Moreover, N-CDH overexpression up-regulated the expression of keratin 19, glypican and CAXII in NP cells under 20% deformation compression. In addition, mechanical compression and N-CDH overexpression had no significant effects on PTN expression (Fig. 5) . Collectively, these findings indicate that N-CDH expression can inhibit mechanical overloading-induced down-regulation of NP cell-specific markers.
Discussion
Mechanical load is an important and common external risk factor for disc degeneration [28] [29] [30] [31] [32] [33] . It is well known that aggravated NP cell apoptosis, attenuated NP matrix anabolism and loss of the normal NP cell phenotype are typical characteristics of the NP region during disc degeneration [5, 34] . Due to the key role of NP tissue in disc mechanical function, a clear and accurate understanding of NP mechanobiology is important. Our results demonstrated that high-magnitude compression harms healthy NP cell biology by promoting NP cell apoptosis, decreasing NP matrix biosynthesis and suppressing the expression of NP cellspecific markers, whereas N-CDH over-expression in NP cells partly reversed the effects of high-magnitude compression on NP cell biology. This study reported for the first time that N-CDH is beneficial for maintaining healthy NP cell biology in terms of cell viability, matrix biosynthesis and normal NP cell phenotype under high-magnitude compression, indirectly providing a new strategy for retarding mechanical overloading-induced disc degeneration.
Several studies have identified N-CDH expression in NP cells at either the transcriptional or protein level, regardless of animal species [15] [16] [17] [18] . It is also worth mentioning that N-CDH expression decreases with disc aging and disc degeneration and that the decrease in N-CDH expression coincides with those degenerative disc changes [15, 16] . Hence, several research teams have proposed and verified that N-CDH-mediated signaling is necessary for maintaining normal NP biology [17, 18] . In this study, high-magnitude (20% deformation) compression significantly down-regulated N-CDH expression compared with low-magnitude (2% deformation) compression. In light of the reported destructive effects of mechanical overloading on disc NP biology [9, 11, 29, 31] , we deduce that N-CDH down-regulation may participate in this process.
Due to its avascular character, the disc NP region has a relatively low cell density (approximately 6×10 3 cell/mm 3 ) [35] . Notably, the number of NP cells continues to decrease during disc degeneration because certain pathological factors, such as mechanical overloading, limited nutrient supply and increased inflammation processes, induce NP cell apoptosis [5, [36] [37] [38] . When the number of NP cells decreases to an adequately low level, NP matrix homeostasis is obviously destroyed, and the disc degeneration process is initiated and further exacerbated [24] . In this study, high-magnitude (20% deformation) compression significantly promoted NP cell apoptosis compared with low-magnitude (2% deformation) compression. This is consistent with previous reports [9, 39, 40] . However, N-CDH overexpression significantly inhibited NP cell apoptosis under high-magnitude compression, indicating that N-CDH is helpful for maintaining NP cell viability under mechanical compression.
NP matrix homeostasis is another key event during disc degeneration. Because proteoglycans (PGs) and collagen II are the main macromolecules within the NP tissue [41] , the expression of aggrecan and collagen II were evaluated in this study. Our results showed Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry that high-magnitude (20% deformation) compression significantly decreased NP matrix synthesis compared with low-magnitude (2% deformation) compression. This confirms the findings of previous studies that reported that mechanical overloading promoted matrix catabolism [11] . Previous studies have also indicated that N-CDH-mediated signaling promoted NP cell matrix production, whereas the blockage of N-CDH-mediated signaling resulted in the loss of NP cell matrix production [17, 18] . In line with this, we found that N-CDH overexpression partly promoted NP matrix biosynthesis under high-magnitude (20% deformation) compression, indicating that N-CDH plays an important role in resisting high-magnitude compression-induced NP matrix catabolism. Several previous studies have investigated specific markers for NP cells [42] [43] [44] [45] . In this study, high-magnitude (20% deformation) compression down-regulated the expression of these NP markers (keratin 19, glypican and CA XII) compared with low-magnitude (2% deformation) compression. Down-regulation of NP-specific markers may lead to the loss of the normal NP phenotype and thus the alteration of extracellular matrix composition. Numerous studies have demonstrated that mechanical overloading can induce degenerative changes in NP cells [9, 29, 39] , indirectly indicating that the loss of the normal NP phenotype may be one mechanism behind the mechanical overloading-induced decrease in matrix production. N-CDH is unique to normal NP cells, regardless of animal species [15] . A previous study revealed that N-CDH-mediated signaling preserved the expression of NPspecific markers [17] . Similarly, we found that N-CDH overexpression partly maintained the expression of these NP markers under high-magnitude compression, indicating that N-CDH may be able to inhibit the mechanical overloading-induced loss of the normal NP phenotype.
This study has several limitations. First, the environment of NP cells is rich in laminin and collagen II but not collagen I. Although the NP cells used in this study were metabolically active and expressed NP matrix macromolecules (aggrecan and collagen II), differences in the surface chemistry and texture between DBM scaffolds and other biomimetic scaffolds may lead to differences in cellular behavior in response to the scaffold material. Second, this NP cell scaffold culture model may not be physiologically relevant. Culturing a segment of the thoracic or lumbar region and applying mechanical compression may solve this problem. However, the present mechanical application system could not meet these needs. In the future, this drawback should be overcome to acquire more physiologically relevant results.
Based on the findings of this study, we can conclude that N-CDH is able to restore healthy NP cell biology in terms of cell viability, matrix biosynthesis and normal cell phenotype under high-magnitude compression. This study provides a new intervention target for retarding mechanical overloading-induced disc degeneration.
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